Abstract-The paper proposes a ground moving target detection and estimation method aiming at Ultra Wide Band and -Beam (UWB) Synthetic Aperture Radar (SAR) systems. The method is developed on the moving target detection by focusing technique and requires a SAR system flying with two different speeds during the integration time. The method allows us to detect ground moving target, even hidden by clutter, and to estimate the target parameters, i.e. speed and direction of motion. The accuracy of the estimations depends strongly on the computational cost and can therefore be controlled. The proposal is tested with the simulated CARABAS data.
I. INTRODUCTION Ground Moving Target Indication (GMTI) is one of the most important applications of Synthetic Aperture Radar (SAR).
SAR GMTI does not only allows us to detect moving targets in an observed area but also helps us to get the images of those targets. Such information is very important for both surveillance and reconnaissance.
The moving target detection by focusing technique is one of the GMTI methods which aims at Ultra Wide Band andBeam (UWB) SAR systems [1] . The technique is based on the fact that the long integration time associated with UWB SAR strongly disperses the energy reflected from moving targets in a ground scene to different range bin. Hence, if we synthesize a large aperture from different aperture positions, the energy reflected from moving targets spreads into a large amount of grids, namely moving targets smear as either hyperbolic or elliptic curves in a SAR image, and they are therefore easily hidden by the surrounding clutter. The moving target detection by focusing technique using Normalized Relative Speed (NRS) to process the data so that the moving targets are refocused to the original shapes in the SAR image and at the same time the surrounding clutter is strongly smeared or in other words strongly suppressed.
Several researches on the technique have been carried out in order to reduce the detection time, increase the reliability of detection, and retrieve more information of the detected moving targets. Hence, the technique has been proved to work well with the frequency-domain algorithms in [2] . The technique has been integrated into a fast time-domain algorithm in [3] which allows to reduce the detection time with a factor of thousands. A combination of the technique with the spacetime processing techniques for more reliable detection has also reported in [4] . Recently, the technique has been applied to the case where the platform of a SAR system flying with two different linear flight tracks during the integration time [5] . This allows not only detecting moving targets securely but also estimating the motion parameters of the detected moving targets accurately. However, changing direction of a SAR platform may take relatively long time compared to the integration time in certain cases, e.g. the first and the second flight tracks are identical but in opposite directions.
In this paper, we introduce a proposal of the platform motion which supports the moving target detection by focusing technique. According to this proposal, the platform moves constantly with the first speed during a part of the integration time, then accelerates to the second speed, and finally moves constantly with the second speed during the rest of the integration time. The dual speed SAR platform proposal enables both moving target detection and estimation with the moving target detection by focusing technique.
The rest of the paper is organized as follows. Section 2 presents the proposal of the platform motion in details. The procedure for moving target detection and the limits of the moving target detection by focusing technique also presented in this section. The procedures for secured moving target detection by redetection and for moving target estimation are given in Section 3. The proposal is verified by some realistic simulations based on the CARABAS parameters in section 4. Section 5 provides the conclusions.
II. MOVING TARGET DETECTION BY FOCUSING
Let's consider a monostatic SAR system whose motion is assumed to be linear and with constant speeds in different time interval. Without losing the generality, the flight track (no matter what the speed of the platform is) is assumed to be parallel to axis as shown in Fig. 1 . The SAR platform moves with the speed ,1 during the integration time − 0 /2 ≤ ≤ − 1 /2. In this period, the motion of the SAR platform is expressed by
where 0 is the flight altitude. The SAR system is assumed to illuminate a ground scene where there is a moving target, e.g. a vehicle. The movement of the target in the SAR scene is also assumed to be linear and with constant speeds. The mathematical representation for the motion of the target can be formulated by 
If the true range history is used to reconstruct the SAR scene, the ground moving target in the SAR scene will be smeared in the SAR image under the form of either hyperbolic or elliptic curve. According to the concept of the relative speed between two objects in motion, one moving object is seen to be stationary for the other if it is assumed to move with the relative speed between them. In other words, a ground moving target can be seen to be stationary for a SAR platform if the SAR platform is assumed to move with the relative speed between them. If we call 1 is the normalized relative speed between the SAR platform moving along the first part of the flight track with the constant speed ,1 and the moving target , the relative speed of the SAR platform will be
1
. The ground moving target is seen to be stationary at certain coordinates ( 1 , 1 ) by the SAR platform during the integration time − 0 /2 ≤ ≤ − 1 /2. In this case, the range history can also be estimated bỹ
Equalizing (4) and (5) and taking the square both sides of the equation result in
Equation (5) is a second order equation and has the form 2 + + = 0. However, to be assure that the condition (5) satisfies at any time during the integration time, the set of equations (6), which corresponds to the terms 0 , 1 and 2 , is must be fulfilled.
The last equation in (6) results in NRS
We can also show that (7) can be rewritten by
where 0 is the angle formed by the flight track and the target trajectory as shown in Fig. 1 . The first two equations in (6) give the coordinates ( 1 , 1 ) which are not discussed in detail in this paper. For detection, different hypotheses of NRS are tested. The methods to estimate the step size between the hypotheses and the range of hypotheses are given in [4] . At a hypothesis ≈ 1 , the moving target is strongly focused in the SAR image whereas strong smearing occurs to the clutter. If the intensity of the focused moving target is higher than the one of the smeared clutter and if Λ is a appropriate detection threshold, the moving target will be detected.
However, we cannot distinguish between the moving target and the clutter if a target moves in the following direction [6] 
In this case, 1 = 1 and the SAR is therefore blind with that moving target. Fortunately, this technical issue can be solved by redetection which is presented in the next section.
III. REDETECTION AND ESTIMATION
During the integration time − 1 /2 ≤ ≤ 1 /2 or along the second part of the flight track, the platform accelerates from increases ,1 to ,2 . After accelerating, the platform moves with a constant speed ,2 during the integration time 1 /2 ≤ ≤ 0 /2. The expression of the motion of the SAR platform during this integration time is given by
If we call 2 is the normalized relative speed between the SAR platform moving along the third part of the flight track with the constant speed ,2 and the moving target , we can find 2 and the corresponding coordinates ( 2 , 2 ) in the similar way presented in section 2. The mathematical representation of NRS is shown to be
If we apply the Taylor expansion up to the first order for (8) and (11), we can find the approximate relationship between 1 and 2 as
This approximate relationship (12) allows us to limit the range of hypotheses in the redetection stage. For redetection, the same procedure in the detection stage is applied. This means that we also need to test with different hypotheses of NRS in a range limited by (12) needs to be tested and use a detection threshold Λ for the moving target redetection.
We can see that, if the platform moves with the speed ,1 and if 0 is given by (9), i.e. 1 = 1, the SAR system will be blind with the considered moving target. However, if the speed to the platform changes to ,2 the SAR system will not be blind the target, i.e. 2 ∕ = 1. Hence, the change in speed of the platform during the integration time allows us to avoid this technical issue. In other words, we can definitely distinguish between any moving target and clutter with this proposal in order to detect the moving target.
From (8) and (11), we can derive the speed of the target and the angle formed by the flight track and the target trajectory 0 as follows
and 0 = arccos
With 1 and 2 are approximately retrieved in the detection and redetection stages, we can easily estimate the speed of the target and its motion of direction 0 .
IV. PROPOSAL VALIDITY In this section, we present some simulation results to verify the proposals and the derived equations given in Section II and Section III. In the simulations, a geometry similar to the one given in Fig. 1 is utilized. The data collected along the first part of the flight track is used for detection and the third part for redetection and estimation. The data belonging to the second part with the acceleration of the platform is only considered for forming the SAR image of the scene. 
A. Arrangement
The simulated SAR system is mainly based only on the parameters of CARABAS in reality [2] and they are summarized in the upper part of Table I . Other parameters required by the simulations are given in the lower part. As shown in Table I , after the acceleration with 1 m/s 2 , the speed of the platform is increased by 20%. The total integration time includes the integration times of the first part of the flight track with the constant speed ,1 , the second part with the constant acceleration , and the third part with the constant speed ,2 . The integration time (75 s) corresponds to 10166 aperture positions.
The simulated SAR scene consists of an arbitrary moving target which is the subject to be detected and estimated and covered by clutter. The moving target is a point-like scatterer and its Radar Cross Section (RCS) is normalized to 1. The speed of the target is chosen by 10 m/s and the direction of motion is 15 o with respect to the axis. The clutter is a set of point-like scatterers and equally spaced in the area where the moving target presents. The RCS of the clutter are given by the pseudorandom values drawn from the standard uniform distribution on the open interval (0, 1) and scaled with a factor of 1/2. Fig. 2 shows the SAR image of the simulated scene formed by the GBP algorithm using the true ranges. The data belonging to the second part of the flight track, i.e. the data collected during the SAR platform acceleration, is considered in the SAR image formation. The area of the SAR scene to be reconstructed is 512 m×512 m with the azimuth and range samples are 1 m×1 m. Fig. 2 shows this SAR image where the middle part of the SAR image is of interest. In this area, the clutter is well focused and appears everywhere in the middle part of the SAR image of the SAR image. At the same time, we cannot observe the moving target of interest since it is supposed to be blurred in the SAR image and totally obscured by the clutter.
In this simulation, we can also see the flexibility of GBP as it can still synthesize well the full aperture regardless of the complex motion of the SAR platform, i.e. acceleration, during the data collection. 
B. Detection
For detection, different hypotheses of 1 are tested on the data collected along the first part of the flight track. An optimum quantization step size between hypotheses is selected by Δ = 5 ⋅ 10 −3 . This selection corresponds to the threshold of ℎ = 3 dB allowing maximum loss of 3 dB from the peak intensity of the moving target in the SAR image. If we need to detect moving targets whose speed is less than 10% of the platform speed, the range of hypotheses will be in the interval ∈ [0.9, 1.1]. Hence, we have totally 41 hypotheses of 1 . The area of interest or the observed area in this simulation is the middle part of the SAR image. In reality, areas of interest can also be very large, e.g. forest where moving targets can be hidden by thick foliage, a water area where vessels are prevented to go into, or a long road where over speed vehicles need to be indicated. Fig. 3 shows the detection result which is presented by the relationship between and the retrieved peak intensities in the area of interest (continuous curve). As observed from the 2-D graph, two peak intensities occur at the hypotheses = 0.925 and = 1.000. The former is supposed to correspond to the moving target which need to be detected and the latter should be associated with the clutter. If we set a detection threshold of, for example Λ = 3 dB and apply it for the found peak intensities, the presence of a moving with NRS of 0.925 in the area of interest will be indicated. In other words, the moving target is detected and the estimated NRS for the detected target is about 1 ≈ 0.925.
C. Redetection
With the value of 1 retrieved in the detection stage, we can sparsely estimate 2 using (11) as 2 ≈ 0.9375. With this approximation, it is sufficient to examine 2 in the short range of hypotheses for the redetection. Based on the hypotheses in the detection stage, the range of hypotheses for the redetection can be limited by ∈ [0.935, 0.940]. It is obvious that this range of hypotheses is narrower than the one for the detection stage 40 times. We can reduce the step between the tested hypotheses to get a better estimation of 2 which can be used directly in the estimation stage. In this illustration, we select Δ = 1⋅10 −4 . This means that the step size in the redetection stage is smaller than the step one in the detection stage 50 times. The number of hypotheses is therefore 51. Based on the 2-D graph of the relationship between and the peak intensities shown in Fig. 4 , we can securely detect the moving target and retrieve 2 ≈ 0.9363.
D. Estimation
For accurate estimation, it is necessary to test the focusing of the moving target by smaller step sizes between hypotheses surrounding 1 retrieved in the detection stage. This allows us From the estimations of and 1 , we can also estimate the initial coordinates as well the last coordinates of the moving target during the integration time. Hence, the information of the target gives us directly , and , . The coordinates ( 1 , 1 ) can be found from SAR images with the focused moving targets. Other parameters like the estimated value of 1 are also available. The initial coordinates of the moving target ( ,0 , ,0 ) can be calculated with the first two equations in the set of equations (6) . The last coordinates can be retrieved from the set of equations (2).
E. Moving target imaging
The SAR image of the moving target is obtained by processing the data collected along the first part of the flight track with = 0.923. This image is given in Fig. 5 . As observed, the moving target is now refocused to a point target and appears in the middle of the SAR scene while the clutter is migrated and suppressed significantly.
We can also form the SAR image of the moving target by processing the data collected along the third part of the flight track with = 0.936 as shown in Fig. 6 . The same effects with the moving target and the clutter can be observed from Fig. 6 . However, the moving target and the cluster look differently in the SAR images due to the data collected at different parts of the flight track is used for reconstructing the SAR images.
V. CONCLUSIONS
In this paper, we have proposed a ground moving target detection and estimation method aiming at UWB SAR systems. The method overcomes some shortcomings of the current version of the moving target detection by focusing technique. To ensure the method work well, a SAR platform needs to flight with two different speeds during the integration time.
With the proposed method, we have a higher possibility to detect moving targets in a ground scene or in other words a more reliable detection. The method allows estimating all parameters of a detected moving target including speed, direction of motion, initial coordinates and last coordinates.
